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Characterizing Application of CO, as a Recovery Agent to
Mobilize Hydrocarbons from Shale

A Obijective:
d Determine viability of CO , as an enhanced recovery agent for unconventional oil

A Challenges:

d Primary oil recovery from fractured unconventional formations IS typically less than 10% -
EOR is highly desired by industry

d However, EOR in shale is far more challenging than conventional formations due to their
extreme low permeability and mixed wettability

A Approach:

0 Determine how CO , and in surfactants dissolved in CO , can be used to increase EOR by
simulating subsurface EOR conditions in the laboratory

A Surfactants & identify CO ,-soluble surfactants to change wetting properties
A Contact angle & observe change from oil -wet to water -wet
AConfined Huff nodmrRlatdtdfieldtestse f | oods

A Value:
d Successful EOR in shales would lead to tremendous increases in domestic oil production



Characterizing Application of CO, as a Recovery
Agent to Mobilize Hydrocarbons from Shale

Analysis of priorefforts for enhanced oil

recovery from shales Findings:

A Critical review developed from literature] A CO,and natural gas are promi si
study which defined laboratory R&D | & - cO, EOR shale is a complex process that involves many
needs for EOR

LaboratorybasedO2 Yy FA Y SR Kdz ¥ ;FECW%Q£§'?S’ ﬁ‘?%cdaﬂ'y miscibility and diffusion

to relate to the field and are a primary focu3 A High pressure CO, and natural gas will recover much more
of this project moving forward. oll than water. However, interest persists in the lower cost,
water-based EOR

m A CO, EOR reduces the carbon intensity of the oil produced by

associated CO, storage

aG! [ AGSNY O dz\NBatural Sa@shadds P TR /h; ~ R
Water-Based Fluids for Enhanced Oll A Fhl el d COor es Nfrom de P t ho and

WSO2FSENE AY ! yO2y @Sy hey outcppLores anasynthetic crude oil) are needed to improve

Energy & Fuels 2020 34 (5), 5331-5380 the reliability of laboratory-scale results
DOI: 10.1021/acs.energyfuels.9b03658
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Experimental approach: CO, EOR using shale cores

TC):J-s?turat?d (cj;or_es Extraction experiments Grind core to powder
aken from oiproducing Monitor weight of Extract oil with methylene
. —_ —_
shales, at depth. Weigh cores, hydrocarbons extracted chloride/acetone
no cleaning _

o [

Experimental conditions:
w/ 2YFAYSR KdzFF¥ yQ Lz 7T

w . FOKAY3 KdzZFF Wy LldzF ¥ Confining Pressure

w HPHT Contact angle measurements CO2 Flow .j CO2 Flow
Shale samples: — =< —\ —<—><

w Eagle Ford, Mancos, Bakk&olfcamp Injection L Injection
O|| pump Mancos Core (A1) pump

w Eagle Ford, BakkeWolfcampLive Oil

Partner for samples:
w HFTS Projec¥\olfcamp Confined cores to better model field conditions using

NETLO6s core fl ow appa

V  Milestone 9D. 06/2019 Obtain shale samples for future CO, hydrocarbon extraction tests
V  Milestone 9F. 12/2019 Quantify hydrocarbon oil from shale



CO,huff on puff for EOR i n unconve.

Oil Recovery

Mechanisms New mechanism

Wettability alteration during soaking
due to the dissolution of nonionic surfactants in the CO,

| CO, extraction of ol |

| CO, diffusion into oil |

| Oil diffusion into CO, |
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Oil viscosity o o
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Why nonionic surfactants in CO,

Long-term application in  INESIEERGENEFAtONTORCOZSINSWater

, | ; conventional formations mobility control foam as the
CO, Is a solventifor ) surfactant partitions into the in-
nonionic surfactants situ brine

to improve sweep efficiency

Objective of this study in
unconventional formations

Wettability alteration
toward more oil-phobic and CO,-philic

Basic structure of nonionic ) ) ) )
_____ surfactants - - = V To combine the advantages of low viscosity CQvith the IFT

R AN / SN and wettability-altering capabilities of surfactants in a single
AR X /! V Inexpensive and commercially available

Many options, can be oHsoluble or watersoluble

V Even low surfactantsolubility (0.2-:1.0 wt.%) in high pressure
CO, may be more than enough for EOR

‘——_—
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Oleophilic segment Oleophoblc segment



Surfactants added to CO,
Potential wettability alteration during CO, fracturing and CO,-EOR

Large positive P,

oil-wet pore CO,-wet pore Surfactant needs to make the surface as CO,-wet as
possible
while reducing the IFT by as little as possible
Wettability
alteration due Risk
: to adsorption With ultralow IFT
CO, of gu?fgigztble q\ CO, wettability alteration may not have a significant effect on

improving the displacement of oll

ch oil is recovered
oil is trapped by spontaneou

0°<q< 90
90r<q< 180 P, is positive
P.is negative il i i

,'r Deswed wettability for shale

imbibition '.

Strongly oil-wet Oil-wet Intermediate-wet/neutral \n.et CO,-wet Strongly CO,-wet _?




ldentification of CO ,-Soluble Surfactants

Two water-soluble, nonionic ethoxylated alcoholswere selectedfor this study.
HuntsmanN100, a branched nonylphenol ethoxylate with an averageof 10 EOgroups (left, averagex = 10) and
Huntsman TDA9, a branched ethoxylated tridecylalcohol with an averageof 9 EOgroups (right, averagex =9).
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V Milestone 91. 03/2020 Generate surfactant solubility in CO, data for one
surfactant at a low temperature and compare with literature data. 8



Contact angle measurements (Wettability)

V  Milestone 9.H 03/2020 Complete shakedown of contact angle apparatus, in preparation for measurement of
the wetting properties of shale exposed to CO,

Eagle Ford Shale
k) v

Eagle Ford Shale

_ . A Huntsman TDA 9

120 o 11
Do Huntsman N100
S 5] No change* . ¥ No change*
3 in wettability In wettability
® 5 . due to
g © due to :
£ exposure to - ‘ exposure to
S 4 a4 pure CO

pure CO, 36 2
o Oil-wet Water-wet Oil-wet Water-wet

Treated with CO,-
surfactant at 25 °C  surfactant at 80 °C

surfactant 80 °C

* Note: a prior study did observe a shift toward water-wet for samples exposed to pure CO2. Alharthy, N., Teklu, T., Kazemi, H. et al. 2015. Enhanced Oil Recovery in Liquid-
Rich Shale Reservoirs: Laboratory to Field. Presented at the SPE Annual Technical Conference and Exhibition, Houston, Texas, 28 i 30 September. SPE-175034-MS. 9



